E. coli cells initiating chromosome replication after release from amino-acid starvation were incubated in [3H]thymine of moderate specific activity, followed by incubation in [8Hithymine plus [3H]thymidine of very high specific activity. The grain tracks produced in autoradiographs of chromosomes were denser on both ends than in the middle. The autoradiographic patterns are, therefore, evidence that replication of the chromosome in E. coli is bidirectional. Bonhoeffer and Klein (4).
Experiments to test whether replication of the Escherichia coli chromosome is unidirectional or bidirectional have usually been based on genetic analyses. The recent experiments of Masters and Broda (1), Yahara (2) , and Bird et al. (3) have indicated that replication is bidirectional. Most other analyses have indicated unidirectional replication. These latter genetic experiments have been difficult to interpret, however, because the number of loci used was sometimes insufficient, the precise locations of loci were not always certain, or the possible effects of suppressor genes were not assessed. For a recent review of this literature, see Bonhoeffer and Klein (4) .
It should be possible to use autoradiography to determine whether replication of the E. coli chromosome is uni-or bidirectional. Autoradiography has been used by Huberman and Riggs (5) to demonstrate that replication can be bidirectional in mammalian chromosomes and by Gyurasits and Wake (6) to demonstrate bidirectional replication in Bacillus subtillis. We describe in this paper autoradiographic analyses that provide clear evidence of bidirectional replication in E. coli.
MATERIALS AND METHODS
The techniques for the incubation of E. coli 15 TAU-bar in the presence and absence of required amino acids, and the procedures for determining the amount of trichloroacetic acidinsoluble radioactivity have been described (7) . [ We have measured the lengths of 100 grain tracks indicating bidirectional replication for each of the three samples. The average lengths were 152, 193, and 236 /m for the 13-, 16-, and 19-min samples, respectively. Although the average length increased, as expected for growing chromosomes, the data cannot be used to calculate an accurate rate of replication because of bias in the measurement of the lengths. Chromosomes that initiated replication during the 2.5-min pulse with the very high specific activity [8H ]thymidine would be uniformly labeled and, consequently, would not be scored. In addition, the longer the labeled region in a chromosome, the lower the probability that the track would be cleanly separated from all other tracks. Grain tracks that were not cleanly separated were not scored.
In spite of the bias mentioned above, the lengths of the grain tracks are still comparable to those expected from chromosomes that are in the early stages of the replication ag .. . cycle. Fig. 1B can be used to estimate the average age of the replicating chromosomes in the different samples. These estimates are obtained from the time at which the rate of replication is half of that occurring when the samples were taken. Half of the chromosomes should have initiated before that time, and the other half should have initiated between that time and the time the particular sample was taken for autoradiography. For the samples taken at 15.5, 18.5, and 21.5 min of incubation in the presence of amino acids, the average ages of the replicating chromosomes are 5, 6.1, and 7.8 min, respectively. If the chromosome is 1200 Mm long (11) and a replication cycle requires about 40 min (12, 13) , these average ages predict the average length of the grain tracks should be 150, 183, and 234 Am.
DISCUSSION
The most straightforward interpretation of the autoradiographic patterns is that replication of the E. coli chromosome is bidirectional under the conditions we have used. We have considered alternate interpretations of the autoradiographic patterns, but none of these seem reasonable. For example, the high grain density at the ends of the grain tracks is not caused by preferential folding of parts of the DNA molecules, since DNA labeled with a uniform specific activity has a uniform grain density (Fig. 5) . Similarly, the length of the DNA that is labeled, as well as the rate of incorporation, demonstrate that the patterns are not produced by repair synthesis.
Patterns similar to those we have observed could be produced if replication were unidirectional and the DNA were always sheared at the replication fork during spreading of the DNA. These molecules could then become oriented so that the two daughter chromosomes extended in opposite directions, and the replication origin would be in the middle of the molecule. This would produce grain tracks that have a higher grain density at the ends than in the middle. We have obtained some autoradiographs, however, that rule out this proposal. In these autoradiographs the growing daughter chromosomes are separated, and they extend between the two regions with a high grain density (Fig. 6 ). This type of pattern was not commonly observed, since the spreading of the DNA apparently aligns the daughter chromosomes so they lie next to each other and appear as one grain track.
We are not certain whether both replication forks participate equally in the replication of the chromosome. Sometimes the dense grain tracks at the ends of a grain pattern were of unequal length (Fig. 3 ). Therefore, it is possible that the two replication forks sometimes travel at different rates, but the present experiments are not adequate to test this proposition. Both replication forks can continue to function well into the replication cycle; we have observed several grain tracks over 400 MAm long that still displayed bidirectional replication. The longest track seen so far is 482 /Am.
